Abstract Interannual variation in rainfall throughout Tamil Nadu has been causing frequent and noticeable land use changes despite the rapid development in groundwater irrigation. Identifying periodically water-stressed areas is the first and crucial step to minimizing negative effects on crop production. Such analysis must be conducted at the basin level as it is an independent water accounting unit. This paper investigates the temporal variation in irrigated area between 2000-2001 and 2010-2011 due to rainfall variation at the state and sub-basin level by mapping and classifying Moderate Resolution Imaging Spectroradiometer (MODIS) 8-day composite satellite imagery using spectral matching techniques. A land use/land cover map was drawn with an overall classification accuracy of 87.2 %. Area estimates between the MODISderived net irrigated area and district-level statistics (2000-2001 to 2007-2008) were in 95 % agreement. A significant decrease in irrigated area (30-40 %) was observed during the water-stressed years of
agriculture is vulnerable to changes in management practices, cropping system, climatic pattern, and irrigation facilities (FAO 2007) . All of these directly affect the people and natural resources; therefore, effective land use monitoring and planning are crucial (Gumma et al. 2011a) . In Tamil Nadu, a state located in the southernmost part of India and one of the biggest local producers of rice, it has been observed that some agricultural areas change from year to year because of interannual variability in rainfall. One study demonstrated that net agricultural sown area declined by 17.3 % between 2000 and 2007, resulting in a 19.1 % decrease in food production (Palanisami et al. 2011) .
It is important for the achievement of a sustainable agricultural system to monitor cropland changes, and, when such analyses focus on the impacts of rainfall variability, this must be done at the river basin level (Gumma et al. 2011c) . This is because the basin is an independent water accounting unit integrating the effect of rainfall over the basin. For example, water demand exceeds actual water supply in many river basins, which is the main cause of cropping pattern changes even for those in command areas under irrigation facilities (Biggs et al. 2010) . Cultivable command areas (CCA) or command areas (CA) are the areas which can be irrigated from an irrigation scheme (project) and is fit for cultivation (MOWR 2006) . In most Indian irrigation schemes, the release of irrigation water is scheduled for the middle of the cropping season. Rice nurseries for transplanting are sustained prior to this by supplementary irrigation. This means that crops will initially depend on rainfall and then on surface water at the basin level. In line with the emerging attempts on basin-or command-area-level analysis in other countries and regions, we conducted basin-level analysis to monitor crop land changes in Tamil Nadu, Southern India. Mapping irrigated area is an important component of basin characterization to determine a basin's performance and to support planning and hydrological modeling (Biggs et al. 2006) . It is important to map command area size, including canal-irrigated area, groundwater-irrigated area, and area irrigated by small reservoirs (Droogers and Allen 2002) . The performance of command areas is estimated by using various criteria, such as agricultural productivity, reliability of water supply, and distribution (Bastiaanssen et al. 1999; Bhutta and Van der Velde 1992; Gaur et al. 2008) .
Various studies have been conducted on land use change. The main purpose of irrigated agricultural land use change analysis is for monitoring changes in cropping pattern (Singh 1989) . Agricultural statistics (e.g., area extent) are heavily relied upon in such studies. However, apart from being reported at administrative unit, typically at the district and state level, there are discrepancies between the statistics reported by agricultural census agencies and irrigation departments. Changes in land use in such large units are insufficient to fully understand its effect on the river basin. On the other hand, satellite imagery can give detailed maps of land use and identify where cropping patterns change significantly in response to variations in rainfall (Badhwar 1984; Thiruvengadachari and Sakthivadivel 1997) . Satellite imagery has been used to quantify water use and productivity in irrigation systems (Thiruvengadachari and Sakthivadivel 1997) but has less frequently been used to identify how irrigated area changes in command areas in response to variations in rainfall and water supply. Data from time series of the normalized difference vegetation index (NDVI) have been used for mapping land use changes (Gumma et al. 2011a) , and accuracy was 78 %, and they can be used to map irrigated areas, with accuracy of 77 % (Biggs et al. 2006; Thenkabail et al. 2009 ). Time series data have also been used for detecting changes in irrigated areas in major river basins (Bhutta and Van der Velde 1992; Bastiaanssen et al. 1999; Gaur et al. 2008) Given the above background, this paper maps the land use changes in major river basins of Tamil Nadu by source of irrigation and identifies water deficit in association with rainfall variations between 2000-2001 and 2010-2011 (ag- riculture years start from June to May) using NDVI time series data from Moderate Resolution Imaging Spectroradiometer (MODIS) imagery. We estimate the area under each land use for each year and the changes in irrigated cropland area. Both land use and land use change estimates are compared against field data or "ground survey data" and secondary sources such as published statistics on irrigated area. Finally, we identified areas where periodic changes occurred for targeting of new technologies.
The study area
Tamil Nadu is located in the southern part of India, ranging from 76°13′ 33″ to 80°20′ 46″ E and 08°08′ 39″ to 13°32′ 15″ N (Fig. 1) , with a total geographic area of 13 million hectares and population of approximately 62.4 million (Palanisami et al. 2011) . Rainfall in Tamil Nadu is dependent on monsoons and low pressure formations in the Bay of Bengal. The mean annual rainfall is 945 mm out of which 48 % is contributed by the Northeast Monsoon (October to December) and 32 % by the Southwest Monsoon (June to September). Failure of monsoon leads to water scarcity and drought as it is the main source of recharge of water sources (Indira et al. 2013) . The study area contains various physiographic features and consists of 17 river basins (Table 1) ; for a majority of which the demand exceeds supply for both groundwater and surface water (Palanisami et al. 2011) . Therefore, mitigation and remediation of drought is a primary priority of the state agriculture machinery.
Total agricultural land in the state was 13 million hectares according to 2007 -2008 agricultural statistics (GTDES 2011 , and the major food crops are rice, millets, and pulses. Commercial crops include sugarcane, cotton, sunflower, coconut, cashew, chillies, gingelly, and groundnut. Plantation crops are tea, coffee, cardamom, and rubber. Major forest products are timber, sandalwood, pulp wood, and fuel wood. Annual food grain production in 2005-2006 was 6.1 million tons (GTDES 2011).
Data
Satellite data MODIS 500-m resolution with 8-day surface reflectance from the Terra platform (MOD09A1) is ideal for monitoring vegetation at a continental scale (Thenkabail et al. 2005) . MODIS measures surface reflectance in seven bands with wavelengths that are designed for the study of vegetation and land surfaces: blue (459-479 nm), green (545-565 nm), red (620-670 nm), near-infrared (NIR1, 841-875 nm; NIR2, 1230-1250 nm), and shortwave infrared (SWIR1, 1628-1652 nm; SWIR2, 2105-2155 nm). Each pixel in the MODIS dataset contains the best observation during the 8-day period that it covers (further details are in the Scientific Data Set documentation for MOD09A1 (Thenkabail et al. 2005) ). NDVI is a combination of red and NIR bands (Rouse et al. 1973; Tucker 1979) and is extensively used to differentiate vegetation conditions, including vigor and density (Teillet et al. 1997) . NDVI values vary from −1 to +1, and high NDVI values indicate high vegetation vigor and vice versa. , across 80 locations covering the major cropland areas in Tamil Nadu. All locationspecific data were collected from 500 to 500 m plots and consisted of GPS locations, land use categories, land cover percentages, cropping pattern during different seasons (through farmer interviews), crop types, and watering method (irrigated, rainfed). Samples were obtained within large contiguous areas of a particular land use/land cover (LULC). The locations were chosen based on the knowledge of local agricultural extension officers to ensure that the same crops were grown during 2000-2001 as were observed during the survey. Local experts also provided information on crop calendars, cropping intensity (single or double crop), irrigation application, and percentage canopy cover for these locations from their recorded data for the previous years. Overall, 132 spatially well-distributed data points (Fig. 1 ) were collected; of these, 53 data points were used for identification and labeling class names and an additional 80 data points were used for accuracy assessment.
Secondary datasets
The following secondary datasets were also used in the study:
1. SRTM 90-m elevation Space Shuttle Radar Topography Mission (SRTM) DEM data on a global scale at 90-m horizontal resolution are gap-filled and made available through the Consortium for Spatial Information (CSI) web portal (http://srtm.csi. cgiar.org/). The SRTM DEM data were used to derive slope, stream networks, and catchment boundaries in a geographic information systems (GIS) software ArcGIS v 10.0. The SRTM data were also used to perform image segmentation based on elevation ranges.
River basins and their basin-wise irrigated area
The study area consists of 17 river basins. There are 61 major reservoirs, about 40,000 tanks, and about three million wells that heavily use the available surface water (17.5 Billion cubic meters (BCM)). Groundwater irrigation (15.3 BCM) is as important as (Palanisami et al. 2011 ).
3. District-wise census data for irrigated areas Irrigated area statistics were obtained at the subnational level (district) and represent the net irrigated cropland area. Irrigated area statistics were supplied by the Department of Economics and Statistics, Government of Tamil Nadu.
Daily rainfall data were downloaded from Hydromet Division, India Meteorological Department (IMD), for 2000 to 2010 (Table 2) (http:// imd.gov.in). Even though data was available over the years and analyzed for all seasons (kharif/rabi/ summer) this paper presents results for kharif season only, which is also the main agricultural season of the state.
Methods
The methodology for the identification of land use changes and targeting of new technologies is shown in Fig. 2 and is described in the following sections.
Remote sensing methodology for historical irrigated area mapping Temporal MODIS (MOD09A1) data was used to map irrigated areas from 2000 to 2010 (Gumma et al. 2011a; Thenkabail et al. 2005) . The MODIS mega-file was segmented into three distinct zones: one was major irrigation command areas delineated by the Central Board of Irrigation and Power (CBIP 2007) and the other two segments derived from slope. The idea behind the segmentation process was to focus more on the segments having a higher amount of informal and fragmented irrigated classes such as the command areas which include uplands, conjunctive irrigated areas, etc. Such segments would be classified into finer classes of different types (irrigated single crop, irrigated double crop, irrigatedconjunctive use, etc.) using the protocols explained by Thenkabail et al. (2005) ). The next step in the process was delineating the slope zones. Slope is also a limiting averages of rainfall for Tamil Nadu factor in crop cultivation, even though upland agriculture operates on more than 15 % slopes. Series of thresholds were used to classify the terrain into flood plains and lower valley slopes with ≤2 % gradient as one segment and >2 % gradient as another segment. Such segmentation allows for easier class spectrum separation and the identification of upland rainfed agriculture areas (informal irrigated areas) other than command areas and deltas having low and high elevated areas with forest vegetation. Each year's dataset was classified using unsupervised ISOCLASS cluster k-means. At the regional scale, when the NDVI signatures of all potential classes are not known, unsupervised classification captures the range of phenological variability. The classification was performed by setting a maximum of 100 iterations and convergence threshold of 0.99. In all, 100 classes were obtained for each individual year. Class identification and labeling were based on NDVI time series plots, ground survey data, and very high resolution images (Google Earth). The grouping of class spectra was accomplished based on individual class spectral signatures acquired during ground survey; additionally, rigorous protocols were employed to identify and label classes using large volumes of ground survey data and very high resolution imagery. The misclassified classes were identified and reclassified by integrating elevation and rainfall data using GIS techniques in conjunction with other methods used for irrigated area calculations and accuracy assessments (Gumma et al. 2011b) .
The classes generated from the unsupervised classification were aggregated into ten classes and named based on spectral similarity with magnitude/direction of vegetation index, intensive field plot information, and Google Earth imagery. Spectral matching techniques (SMTs) were used to relate the classes for all the years. These processes are described in detail by Gumma et al. (2011b) and Thenkabail et al. (2007) . It is important to note that, because of the coarse spatial resolution of MODIS (each pixel is 500 m on each side and larger than many agricultural fields in the study area), many pixels can have overlapping land cover types. Each pixel covers an area of 21.5 ha, which is larger than typical farm of small holder farmers and different land use classes. To overcome this issue, an area fraction that was determined is used to estimate the area under corresponding land cover type as explained by Thenkabail et al. (2007) and Thenkabail et al. (2005) . The irrigated area fractions were determined using intensive ground survey data, and area fraction varies interannually. Cropped fractions are assumed as irrigated fraction in irrigated classes (Biggs et al. 2006; Gumma et al. 2011b; Thenkabail et al. 2005) .
Class naming was given based on a standardized hierarchical classification scheme (Thenkabail et al. 2009 ). These classes represent different land use classes at different levels and these can be "cross-walked" (Torbick et al. 2006 ). The "cross-walk" procedure shows how the classes are aggregated or disaggregated. In this way, an aggregated class can be tracked to determine which disaggregated classes were combined to form it or vice versa. The irrigated area fractions obtained from coarse-resolution imagery were estimated at the sub-pixel level by multiplying full-pixel area by Fig. 2 Overview of the methodology for estimating irrigated area and cropping pattern in command areas cropped area fraction as discussed by Gumma et al. (2011a, b) and Thenkabail et al. 2007 ). Sub-pixel LULC areas for each class were computed based on ground survey data. Ground survey data includes observing a 500 m×500-m area that surrounds the observation point under different LULC and noting down the % area of a class in the irrigated pixel. The sub-pixel % is also added up while estimating the area under that class. Area estimation of various land use and land cover types is done by multiplying the full-pixel area of the class by the crop fraction (%) of the class, and the results are reported in Table 3 . Furthermore, the accuracy assessment of irrigated areas was based on the standard method employed by Biggs et al. (2006) , Gumma et al. (2011b), and Thenkabail et al. (2005) .
Identifying changes in irrigated area using NDVI, spectral matching techniques
The change in irrigated area is said to have occurred when the NDVI value of a irrigated pixel in any year is less than the NDVI value of that pixel which is the maximum observed during one of the years out of all the years. The maximum NDVI was observed in 2000-2001. This change in irrigated area when the irrigated class for a year was identified as "any other class" during another year, using spectral matching techniques (Gumma et al. 2011a, b, c; Thenkabail et al. 2007 ). The change was identified by taking into consideration the duration, magnitude, and peak of NDVI curve. A higher value of NDVI has been noticed during the kharif season (with the peak of NDVI observed during October/ November) when compared with the rabi season. In Tamil Nadu, the highest value of maximum mean NDVI was 0.75 during the kharif season, but the value of NDVI was never above 0.4 in any of the months during years with land use change. Assessment using ground survey data Accuracy assessment was performed based on two approaches: (a) correlation between national statistics and MODIS-derived irrigated area and (b) MODIS-derived irrigated area evaluated with ground survey information. Accuracy assessment was performed against field plot data. Qualitative accuracy assessment was performed to check whether the irrigated area (by source) was classified as irrigated or not, without checking for crop type or duration of irrigation. The accuracy assessment was performed using ground survey data to derive robust understanding of the accuracies of the datasets used in this study.
The assessment determines the probability that the class assigned to a given pixel matches the class as determined by ground-level data at the same location. The ground survey data were based on an extensive field campaign conducted throughout the study area during the kharif season of 2010-2011. Accuracy assessment provides realistic class accuracies where land cover is heterogeneous and pixel sizes exceed the size of uniform land cover units (Biggs et al. 2006; Congalton and Green 1999; Gumma et al. 2011c; Thenkabail et al. 2005) . For this study, we had assigned the 3×3 cells of MODIS pixels around each of the field plot points to one of six categories: absolutely correct (100 % correct), largely correct (75 % or more correct), correct (50 % or more correct), incorrect (50 % or more incorrect), mostly incorrect (75 % or more incorrect), and absolutely incorrect (100 % incorrect). Class areas were tabulated for a 3×3-pixel (9-pixel) window around each field plot point. The fuzzy classification accuracy varied from 82 to 90 % across agriculture classes, with an overall accuracy of 87.2 % (Table 7) .
Results and discussion
In this section, we discuss changes in land use and land cover area, temporal irrigated area changes, variations in irrigated area, and accuracy assessment based on ground survey data and comparison between irrigated area from the present study and national statistics. In addition, we identified the areas suffering from periodic changes that happened due to water deficit for identifying stressprone areas. This study focused on 16 major river basins, because the P.A.P. basin has very small catchments and irrigated areas. The accuracy of the results is explained.
Irrigated area map and area statistics
The 8-day time series NDVI successfully distinguished canal-irrigated, groundwater-irrigated, tank-irrigated, and rainfed agricultural areas, as well as other land cover classes in the study area. Ten classes were identified from MODIS 500-m time series data (Fig. 3) using spectral matching techniques. Almost 6.5 million hectares of agricultural land was labeled as containing some degree of irrigated cultivation based on full-pixel areas (FPAs). However, when irrigated area fractions were used, the actual (sub-pixel) area was 5.8 million hectares for [2000] [2001] . The final land use class name or label Sub-pixel areas and irrigated area fractions are shown in Table 3 a Irrigated area by source as percent of total irrigated source-wise across all river basins was based on the predominance of a land use class and the dominant water source (e.g., irrigated surface water mixed crops) (Fig. 3) . Each class was a combination of several land use/cover types (see Table 3 ). For example, class 3 was described as irrigated groundwater mixed crops. Within this class, various other land use/land cover areas existed and cultivable areas (84.5 %) dominated but there were other land cover types with 1.2 % trees, 0.9 % shrubs, 2.7 % grass, and 1.6 % for fallows, weeds, rocks, and built-up lands. In these cultivable areas, rice was the predominant crop, whereas maize and grains were the next dominant crops. The total irrigated area was estimated to be 2,861,829 ha, which includes irrigation by tank (573,893 ha), irrigation by groundwater (1,444,768 ha), and irrigation by canal (843,168 ha) in the year 2000-2001. Surface irrigation was mainly located in the districts adjacent to the River Kaveri (Thiruvur, Thanjavur, Nagapattanam, and Erode), and tank-irrigated areas are predominant in Tirunelveli and Pudukkottai. Groundwater-irrigated areas were spread across the study area, mainly in Coimbatore, Salem, Villupuram, and Thiruvannamali (Fig. 3) . Average irrigated area by source in each river basin is shown in Table 4 .
Land use changes in the river basin Irrigated area changes Figure 5a shows state-level periodic changes during the last decade, in agricultural area by irrigation source and corresponding annual rainfall. Figure 5b shows sourcewise irrigated area of the16 individual basins. An important finding was that, in all the basins except a few small ones, groundwater-irrigated area was the most severely affected by drought in 2002-2003 and 2009-2010 . Tank-irrigated area was the most severely affected (Table 5 ). This indicates that groundwater in Tamil Nadu cannot serve as a secure water source in the case of scarcity of surface water and rainfall. This feature can be attributed to Tamil Nadu's hard rock geologic structure in which storage capacity of the aquifer is limited. However, the southern basins of Tamil Nadu (basins shown in third and fourth rows in Fig. 5b ) are less affected by drought because the catchment area is bigger and there is a continuous water flow from the river (Palanisami et al. 2011 ). This finding is consistent with an example from a hard rock aquifer area in Telengana, Andhra Pradesh, studied by Fishman et al. (2011) , which shows that groundwater provides buffer, but it is susceptible to interannual rainfall fluctuation. In addition, as a typical example of tragedy of commons, the overexploitation of groundwater is rampant over the country (Shah 2010) . Unless some counter actions were taken, the reliability of groundwater would decline further. Shah (2012) documents spontaneous initiatives for coping with or countering water depletion in many hard rock aquifer areas in India. Although Tamil Nadu is not included in Shah's examples, such a movement could have a potential to reverse the current trend in our study area. The similar drought impacts among irrigation sources can be confirmed from Table 6 statistics, which show three classes based on the number of times land use changed in the last 10 years. Note that, in all irrigation sources, the percentage change from the normal year was 30-40 % and the frequency of land use changes was observed to be one or two to three times from 2000 to 2010. The magnitude of these changes is much higher than that of neighboring states such as Karnataka or Andhra Pradesh, where the corresponding figures are 10-15 % (Gumma et al. 2011c ). This can be attributed to the fact that Tamil Nadu has fewer interstate rivers and thus a more closed water system than the other states. Therefore, we can observe that Tamil Nadu's agriculture in a particular season depends predominantly on the corresponding season's rainfall.
Corresponding to Table 6 , Fig. 6 shows the geographic pattern of land use change by irrigation source. It indicates that, for groundwater, the changes in land use spread over the state with a few exceptions, such as Agniar, Tambrapam, and Kodaiyar. Meanwhile, it shows that the impact of drought was very area specific regarding canal or tank irrigation. The impact on canals was concentrated in the downstream of the Cauvery basin, and the impact on tanks was observed mainly in the northern and southern part of the state. Accuracy assessment was performed through fuzzy classification, and classification accuracy varied from 82 to 90 % across agriculture classes, with an overall accuracy of 87.2 % (Table 7) . Fig. 6 ); therefore, a better agricultural system may be to grow less waterdemanding crops. On the other hand, if the water stress Fig. 7 District-level canal-irrigated areas derived using MODIS 500-m time series data compared with census data by agricultural year from 2000-2001 to 2009-2010 is not that severe, an introduction of water-saving technologies for rice cultivation would be useful. Examples include alternate wetting and drying (AWD) practice for irrigation and the direct-seeding method.
1 Among these, AWD requires strict water control because the soil should not be dried long enough to penalize yield. Hence, the practice of AWD may be difficult under tank or canal irrigation unless strict collective management is possible. Therefore, it may be better to prioritize the introduction of AWD to groundwater-irrigated areas. Nevertheless, note that, as long as the state government persists in a free electricity policy, the incentive of electric pump users to adopt AWD may not be large unless a water shortage is really severe. The introduction of drought-tolerant or short-maturity varieties would be useful to circumvent drought shock. However, note that even such varieties require water at the critical stage of growth. Therefore, this strategy may not be effective if drought is prolonged over the entire cropping season. Identification of the type of drought is beyond the scope of this manuscript, which we leave for our future research agenda.
Our analysis found that most of the basins show similar patterns of drought impacts. Hence, the hedging of shocks within the state may be difficult. Further examination of the geographic patterns of drought shocks is crucial, and the progress of our kind of analysis would contribute toward this end. Results will also be useful as a guide to increase irrigated area using advanced irrigation techniques such as small river banking (Karimov et al. 2012; Karimov et al. 2010) .
Comparisons with census data
The irrigated area statistics of Tamil Nadu districts were obtained from the Directorate of Economics and Statistics Bureau of Economics and Statistics, Tamil Nadu. The canal irrigation area statistics were collected at the district level from the respective districts for a comparative study with the MODIS data. District-wise statistical data were compared with the MODIS data for 2000-2001 to 2007-2008 (available data) (Fig. 7) . Most of the district data are in agreement with the MODIS results for each year from 2000-2001 to 2009-2010 . A few districts show a ±10 % difference between the statistical data and MODIS data (Fig. 7) . Root mean square error (RMSE) was calculated for 29 districts, and it is 7165 ha for 10 years.
Conclusions
This paper provides a comprehensive and detailed mapping of land use changes in irrigated area in Tamil Nadu using spectral matching techniques on remotely sensed data. The analyses were conducted at the state and subbasin level. Spatial-temporal land use changes and statistical tabular data are essential for developing sustainable agriculture, including monitoring, planning, and management at the basin level. MODIS NDVI time series data were combined with field plot data and spectral matching techniques to classify canal irrigation, tank irrigation, groundwater irrigation, and rainfed ecosystems in the region.
The outcome of this study highlights the importance of using MODIS time series data and advanced methods such as spectral matching techniques in studying agricultural cropland changes in large river basins. Key findings include the severe negative impact of drought not only in canal and tank irrigation area but also in groundwater irrigated area, the geographic pattern of differential impacts (the concentration of tank-and canal-irrigated area vs the spread of groundwaterirrigated area), and the relatively lighter drought impact in southern basins.
In this manner, mapping temporal land use changes contributes to identifying water stress areas due to interannual variability in rainfall, water management, upstream irrigation, and crop prices at the basin level. This attempt is important for basin characterization, planning, hydrological modeling, adopting new cropping patterns, alternative management practices, and the adoption of new stress-tolerant varieties for sustainable agricultural development.
